Abstract: This paper investigates the the problem of stabilization control design for a class of stochastic high-order nonholonomic systems with Markovian switching. A state feedback controller is obtained by using input-state scaling technique and the generalized Itô formula, and adding a power integrator backstepping approach. The switching strategy is proposed to eliminate the phenomenon of uncontrollability and to guarantee that closed-loop system has a unique solution and the solution of the closed-loop systems is almost surely asymptotically stable. Simulation examples demonstrate the effectiveness of the proposed scheme
Introduction
In the last few decades, there has been an increasing attention devoted to the control of nonholonomic systems such as mobile robots, car-like vehicle, under-actuated satellites, the knife-edge and so on. However, due to the limitations imposed by Brocketts condition [1] , this class of nonlinear systems cannot be stabilized by stationary continuous state feedback, although it is controllable. This motivates researchers to seek for novel approaches such as discontinuous feedback and time-varying feedback.
Jump system is a hybrid system with state vector that has two component x(t) and r(t). The first one is in general referred to as the state, and the second one is regarded as the mode. In its operation, the jump system will switch from one mode to another in a random way, and the switching between the modes is governed by a Markov process with discrete and finite state space. In practice, many physical systems are subject to abrupt variations in their structures, due to random failures or repairs of components, sudden environmental disturbances, changing subsystem interconnections, abrupt variations in the operating point of a nonlinear plant. Recently, The study of stochastic Markovian jumping systems has received a lot of attention [2] [3] [4] . [5] and [6] investigated the problem of sliding mode control for stochastic Markovian jumping systems; [7] investigated the robust quantizedcontrol for network control systems with Markovian jumps and time delays. With the global Lipschitz condition or linear growth condition, controller design for this type of hybrid stochastic differential equations has been an important issue [8, 9, 10] . [11] investigated the state-feedback and the output-feedback switching controller design and the adaptive output tracking controller was constructed in [12] . However, this problem for stochastic nonholonomic systems with Markov switching has not been received much attention. [13] and [14] feedback and the output-feedback switching controller design for stochastic nonholonomic systems with Markovian switching. It should be mentioned that those aforementioned papers considered the systems in the low-order Markovian jumping systems.
As a general class of nonholonomic systems, high order nonholonomic systems in the so-called power chained form was introduced in [15] , for which the standard chained form systems were a special case. The design procedure proposed in [15] combined the idea of the σ−process and adding a power integrator. A switching controller was also used. The design procedure proposed in [16] is also based on a combined application of a state scaling technique, the σ−process, and the adding a power integrator backstepping method. In [17] , Gao studied the problem of adaptive stabilization control design for a class of high order nonholonomic systems in power chained form with strong nonlinear drifts. All the above references considered the highorder nonholonomic systems in the deterministic case. Since stochastic noise frequently arises and is inevitable in practical control systems, naturally, how to extend these methods for stochastic high-order nonholonomic systems is very interesting and significant. However, this problem for stochastic high order nonholonomic systems has not been received much attention. The paper [18] investigated the problem of state-feedback stabilization control for a class of high order stochastic nonholonomic systems with disturbed virtual control directions and more general nonlinear drifts. But the controller for stochastic high-order nonholonomic systems with p 0 , . . . , p n is required to satisfy p 0 ≥ p 1 . . . ≥ p n . Considering that the hybrid systems driven by continuous time Markovian chains have been used to model many practical systems where they may experience abrupt changes in their structure and parameters, the research of stochastic highorder nonholonomic systems with Markovian switching is more important and practical. However, to the best of the authors knowledge, there are rare results about this direction
The contributions of this paper are highlighted as follows: (i) This paper is the first result to deal with the state-feedback stabilization problem of stochastic high-order nonholonomic Proceedings of the 34th Chinese Control Conference July 28-30, 2015, Hangzhou, China systems with Markovian switching. Due to these classes of systems, Jacobian linearizations are neither controllable nor feedback linearizable, even for systems without Markovian switching, the control of such systems is very difficult. (ii) It is considered in this paper to cancel the power order restriction in [18] and just satisfy p i ≥ 1, i = 1, . . . nare odd integers. The control strategy ensures that the closed-loop system has a unique solution and the solution of the closedloop systems is almost surely asymptotically stable.
The paper is organized as follows: Section 2 offers some mathematical preliminaries. Section 3 shows Problem formulation. The state-feedback Controller design procedure and stability analysis are given in Section 4. while Section 5 provides the switching control strategy and the main result. Section 6 gives some simulation examples to illustrate the theoretical finding of this paper. The paper is concluded in Section 7. Finally, the proof of Proposition 4, 5 are given in Appendix.
Preliminary Results
Consider the following stochastic nonlinear system
where x ∈ R n is the state, ω ∈ R r is an r-dimensional independent standard Wiener process defined on the complete probability space (Ω, F, P ) . The Borel measurable functions f (x (t) , t, r (t)) and g (x (t) , t, r (t)) are continuous in x ∈ R n . for all t ≥ 0. Let r (t) is a right-continuous homogeneous irreducible Markov process in a state space S = {1, 2, . . . , N} with generator Γ = (γ pq ) N ×N given by
for any s, t ≥ 0.. Here γ pq > 0 is the transition rate from p to q if p = q while
We assume that the Markov process r(t) is independent of the Brownian motion ω := ω (t) .
where
, . . . ,
The following lemmas are useful to get the main results of this paper Lemma 1 [19] .f (x (t) , t, r (t)) and g (x (t) , t, r (t)) are continuous in x Further, for each N = 1, 2, · · · , and each 0 ≤ T < ∞, the following conditions hold
, is nonrandom, strictly increasing, continuous and concave such that 0+ du ρ N T (t)dt < ∞. Then for any given x 0 ∈ R n , system (1) has a pathwise unique strong solution.
Lemma 2 [9] .Let V ∈ C 2,1 (R n × R + × S; R + ) and τ 1 , τ 2 be bounded stopping times such that 0 ≤ τ 1 ≤ τ 2 a.s.. If V (t, x, r (t)) and LV (t, x, r (t)) are bounded on
Lemma 3 [20] .Let x, y be real variables. For any positive real numbers a and b the following inequality holds:
) Lemma 4 [20] .For x ∈ R, y ∈ R, p ≥ 1 is a constant, the following inequalities hold:
Problem Formulation
Let us present a state-feedback controller design procedure for a class of stochastic high-order nonholonomic systems with Markovian switchin
T ,x n = x, u 0 and u are control inputs, p 0 = 1, p i ≥ 1, i = 1, · · · , n are odd integers, and q k ≥ 1, k = 1, · · · , n − 1 are integers, respectively; ω is an r-dimensional standard Wiener process defined on a probability space (Ω, F, P ) , with Ω being a sample space, F being a filtration, and P being a probability measure. Let r(t) is a right-continuous homogeneous irreducible Markov process in a state space S = {1, 2, . . . , N} with generator
are assumed to be continuous with their arguments with f i (0, 0, r (t)) = 0 and g i (0, 0, r (t)) = 0.
The following assumptions are made on system (7). 
For the simplicity, we introduce the notions
Controller Design and Stability Analysis
In this section, we proceed to design an adaptive controller using adding a power integrator backstepping technique. For clarity, the case that x 0 (t 0 ) = 0 is considered first. Then the case that the initial x 0 (t 0 ) = 0 is dealt later. The inherently structure of system (7.a) suggests that we should design the control inputs u 0 and u in two separate stages.
Let us consider the subsystem (7.a) in stochastic highorder nonholonomic systems (7) . In order to guarantee that x 0 converges to zero, one can take u 0 as follows:
where η 0 is a positive constant. If we employ a Lyapunov function of the form:
For ∀x 0 (t 0 ) = 0, the equilibrium of the closed-loop system consisting of (7.a) and (8) is asymptotically stable and will not to be zero. Consider the second subsystem of stochastic high-order nonholonomic systems with Markovian switching (7). In order to design a state-feedback controller, the following stateinput scaling transformation is needed
Under the new z-coordinates, with choice u 0 as in (8), the x-subsystem is transformed into
. By Assumption 2 and (11), we easily obtain the following lemma.
Proof. In view of (10) and (11), we have
By the following the standard procedures, we design a state-feedback stabilizing controller step by step for (11) .
Step 1 Consider the Lyapunov function
From Lemma 5, there exist smooth nonnegative func- z 1 ) . Thus, we have
where α 1 (·) ≥ 0 is a smooth function to be chosen.
Choosing the virtual control z * 2 p1 as follow
which substitutes into (19) yield
where c 1 > 0 is a parameter to be designed. Inductive
Step(2 ≤ k ≤ n) Assume that, at step k − 1, there are a C 2 , proper and positive definite Lyapunov function V k−1 and the virtual controllers z
We intend to establish a similar property for
ds. The Lyapunov function V k thus defined has several useful properties collected in the following propositions.
which substitutes into (26) yield
where c k > 0 is a parameter to be designed.
Step n. By choosing the actual control law u,
where α n ≥ 0, and F 11 , · · · F n1 are smooth functions, ξ n = z
, one gets
Theorem 2. Choosing the design parameters c j to satisfy c j > n − j, j = 1, · · · , n. If Assumption 2 and Lemma 1 hold for the stochastic high-order nonholonomic systems (7), then under the control law (8), the full feedback controller (29),one has
• For every x (t 0 ) = x 0 ∈ R n and r (t 0 ) = i 0 ∈ S, the close-loop system has a unique strong solution x (t) = x (x 0 , i 0 ; t, r (t)) ; • For any x 0 ∈ R n and i 0 ∈ S, the solution of the closedloop systems is almost surely asymptotically stable. Proof. By checking the controller design process, one can obtain IIV n = 0. From Lemma 4, (15) and (17), step by step, We can conclude that bounded ξ i implies bounded z i , and vice versa, which results in that
For the system (11)+(29), it is not hard to verify that all conditions in Lemma 1 are satisfied. Thus, one can get conclusion (1) . From (30), (32), by using Theorem 2.1 in [23] , conclusion (2) holds
Switching control stability
In section 4, we have considered the case of x 0 (t 0 ) = 0. The controllers (8) and (29) (8) and (29) can be used.
Based on the above analysis, now we give the main results of this paper.
Theorem 3. If Assumption 1 and Assumption 2 hold and the following switching control procedure is applied to the systems (7),
we design control inputs u 0 and u in form (8) and (29), respectively,
we switch the control inputs u 0 and u into (8) and (29), respectively. Then, for any initial conditions in the state space, systems (7) will be almost asymptotically stabilized in probability at the equilibrium and specifically, the states are globally asymptotically regulated to zero in probability.
Simulation Example and Concluding Remark
Consider the following system with two modes. The Markov process r(t) belongs to the space S = {1, 2} with generator Γ = (γ pq ) 2×2 given by γ 11 = −1, γ 12 = 1, γ 21 = 2, γ 22 = −2. One get π 1 = 
When r(t) = 2 the systems are described by 
Conclusion
This paper investigates the problem of state-feedback stabilization for stochastic high-order nonholonomic systems with Markovian switching. The result extends the work [22, 24] to nonholonomic systems. The controller design is developed by input-state-scaling and adding a power integrator backstepping technique. As a consequence, based on switching control strategy, asymptotic regulation to zero almost surely of the closed-loop system states is achieved. Simulation results have shown the effectiveness and feasibility of the proposed control strategy. 
